We already know the essential nature of the four chief types of forces that can exist between atoms in molecules or crystals, and to a certain extent a quantitative quantum mechanical account can be given of them. The metallic, homopolar, ionic, and residual (van der Waals's) forces are, however, only idealized types, and in very many substances the nature of the interatomic forces partakes at the same time of two or more of these types. Such intermediate forces are more difficult to study, and consequently present some of the most interesting problems of inter pretation.
P a r t I-T he H y d r o x y l B o n d
We already know the essential nature of the four chief types of forces that can exist between atoms in molecules or crystals, and to a certain extent a quantitative quantum mechanical account can be given of them. The metallic, homopolar, ionic, and residual (van der Waals's) forces are, however, only idealized types, and in very many substances the nature of the interatomic forces partakes at the same time of two or more of these types. Such intermediate forces are more difficult to study, and consequently present some of the most interesting problems of inter pretation.
Among substances in which these intermediate forces act, those in which hydrogen plays a part are most numerous and important. In acids, alkalies, neutral hydroxides, and hydrates, as well as many nitrogen compounds, the character of the crystal forces and particularly of the intermolecular forces in crystal and liquid is determined almost entirely by the presence of hydrogen atoms. This is due to the unique property of the hydrogen atom of having no inner electrons and consequently contributing nothing to repulsive forces. Hydrogen atoms in combination occupy no space, lying in general inside the effective radius of the atom to which they are bound by homopolar (exchange) forces. Thus in hydroxy compounds the hydrogen atom lies 0*95 A from the oxygen nucleus while the effective oxygen radius is 1 -3-1 -8 A. The hydrogen atom, however, makes its presence felt outside this sphere, mainly by its electropolar effect. For although the hydrogen is homopolarly bound the bond is, except in the hydrogen molecule itself, a polar one, the effective positive charge of the hydrogen being for hydroxyl compounds approximately half an electron. Such a charge situated near the surface of an atom will give rise to strong intermolecular attractive forces, so that the presence of hydrogen will tend on the whole to diminish rather than increase the effective radius of the atom to which it is bound. The effect will be greater the fewer the number of bound hydrogen atoms and consequently the greater the electrical asymmetry of the group. For instance, in the isoelectronic series FH O H a N H 3 CH4 the intermolecular forces show a regular decrease.
The first example of this effect of hydrogen to be studied was the most extreme type where the hydrogen is most lightly bound, the so-called hydrogen bond of Huggins and Pauling which exists in acids and acid salts.
This bond may be considered as intermediate between an electropolar and an ionic type in which each hydrogen ion is always found 2-coordinated, i.e., lying between two oxygen or fluorine io n s ; on the other hand, the hydrogen in the hydrogen bond can be considered to be attached to either of the atoms between which it lies. As there is nothing to distinguish between the energies of these states, and as the hydrogen nucleus has an extremely low mass, it is probable that the actual state is one in which the hydrogen oscillates between the two positions. If this is so, hydrogen would be playing the part usually played by exchange electrons in forming chemical bonds, and the hydrogen bond should be considered generically different from all other types of interatomic binding. However, as the extra energy gained by this exchange hydrogen can only be a small fraction of the energy of electrostatic attraction between the hydrogen and the negative ions on each side of it, the hydrogen bond is differentiated from others rather formally than physically.
The evidence for the existence of a hydrogen bond is based largely on crystal structure data which indicates that in compounds containing acid hydrogen certain oxygen, or fluorine, atoms belonging to different complex anions are found to be at the extremely short distance of 2 • 55 A apart, considerably shorter than the distance of 2 • 70 A that represents double the radius of the ion O and very much shorter than that for neutral oxygen. The existence of such a close distance of approach is evidence of con siderable mutual energy of oxygen atoms, which can only be due to the presence of hydrogen between them. More direct proof is difficult as the X-rays cannot show hydrogen directly, but it is hard to imagine where else to put the hydrogen, and the explanation of the hydrogen bond covers so many facts that it is convenient to accept it provisionally until it can be proved or disproved by spectroscopic* or other means.
It is not, however, only in acids that short oxygen-oxygen distances are found. The crystal structures of the leading types of basic and amphoteric hydroxides have been determined (except those of the alkalies). Here the distance between oxygens attached to different cations is not constant but gets progressively less with increasing cation charge, that is, with and the hydrogen bond is that here both the atoms which it joins possess hydrogen ; it was consequently pre viously called by one of us the double hydrogen bond.* It now seems pre ferable for reasons that will appear later to call it the hydroxyl bond. The object of this paper is to bring out the nature of this hydroxyl bond by a discussion of the crystal struc tures of certain compounds where it occurs, and to attempt to explain it by considering the probable con figurations of the hydroxyl ion in different ionic environments. The clue to the structure of the hydroxyl bond was provided in part by the study of ice| and in part by the detailed analysis of the structure of aluminium hydroxide, hydrargillite. $ In this crystal the force of attraction between hydroxyl ions is clearly apparent. The structure, see figs. 1 and 6, is built from composite layers, parallel to the c-plane, each con sisting of a plane of cations between two planes of hydroxyl ions, as in many other hydroxides. The signifi cant point here, however, is the method of superposition of the layers, which is such that the hydroxyls in one layer come vertically above those in the next, instead of being arranged in close packed positions as in brucite Mg(OH)2. Further, the distance
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between two such hydroxyls is 2-79 A, which is not much greater than the minimum distance, 2-70 A,* between two oxygen atoms in octahedral coordination round the same cation. Both these facts imply that there must be an attractive force between the two hydroxyls.
This attraction must also be of a directed type more like that of a homopolar bond than of an ionic or residual force. The simplest assumption, that the force is of a dipole character, breaks down com pletely in this case as the two hydroxy dipoles in each layer would tetrahedral model for the OH group, similar to that put forwardf for the water molecule, does the arrangement in hydrargillite appear at all plausible.
The next stage is to examine whether this tetrahedral character is maintained in all hydroxides and, if not, what are the conditions leading to its appearance. For this a comparative examination of all known hydroxide structures is necessary. As a criterion of the attractive force between two hydroxyls not coordinated round the same cation we may take the distance between their two oxygen atoms, the force being greater the shorter the distance. If this distance is tabulated for a number of hydroxides, it becomes apparent that it is large for small electrostatic valencies and for large cation radius; in other words, that it decreases as the polarization of the hydroxyl increases. Table I shows this. Here column 3 gives the electrostatic valence, column 4 the cation radius, | and column 8 the effective hydroxyl radius towards another hydroxyl (half the distance between the two hydroxyl ions). Column 5 gives the cation-hydroxyl distance, and column 7 the effective radius towards the cation (obtained by subtraction of the cation radius from the cation-OH distance). In column 6 is given the cation-oxygen distance in the corre sponding oxides. All the interatomic distances in this table have been directly obtained from structure determinations, with the following The figures for the hydroxides of Cs, Rb, K, Na have been deduced from the density, assuming the structures discussed later, on p. 395. In the hydroxides of Mn, Zn, Co, Ni, Fe, Cd, which, like Ca(OH)2 and Mg(OH)2, are layer lattices of the cadmium iodide type, the inter atomic distances are fixed by the cell dimensions a and c and the para meter u, and u has not been determined accurately enough for the purpose. It has therefore been assumed that the cation-oxygen distance in these hydroxides is the same as that in the corresponding oxides; a comparison of columns 5 and 6 shows that this holds good, within the experimental error, for all the cases where both have been experimentally determined. (For B(OH)3, Zachariasen has made this assumption to arrive at the structure, but the agreement of calculated and observed intensities supports it.) Then from the cation-OH distance u can be calculated and hence the OH-OH distance found. The figures for these hydroxides in columns 7 and 8 have been thus obtained.
The variations of the OH-OH distances must correspond to variations in the energy of the bond. Unfortunately we know too little of the quantitative theory of intermolecular repulsive forces to calculate the energy from a knowledge of the distance. Most existing theories hold only for small variations of the interatomic distance much smaller than the 33% that occurs between different hydroxides. Wasastjernas's theory* expressing U repuiSive <* rner,ri over such a range only applies to rare gas ions, and if applied to a hydroxide system such as water gives much too low values for the repulsive force. This might be expected, as no account is taken of the effect of the displacement of the protons inside the neon like shells and of the consequent electronic rearrangements. An attempt to calculate this is not yet practicable, but, if we assume that the repulsive term has a general exponential form in r, there will be an approximately linear relation between the logarithm of the energy of the hydroxyl bond and the distance between the hydroxyls.
If we assume this, it is possible to show the relation between the energy of the hydroxyl-hydroxyl bond and that of the cation-hydroxyl bond by plotting the length of the former against the logarithm of the energy of the latter. The energy of the cation-hydroxyl bond can be roughly calculated by considering the hydroxyl dipole to consist of a charge -1 • 5c at the centre of the oxygen atom and a charge + 0 • 5c at the proton, the OH bond being taken as of length 1 -0 A and making an angle of 109° with the cation-O bond.t The electrostatic potential energy is then z [ ---+ ), where rx is the cation-O and the cation-H ri r 2 1 distance. For ions with incomplete or 18 electron shells there is greater energy due to core interaction, the magnitude of which may be roughly estimated from the corresponding differences in the observed and calcu lated ionic heats of hydration* of these ions. The energies calculated in this way are given in Table II and their logarithms are shown plotted against r in fig. 2 . The linear relation is very rough, which is not surprising considering on one hand the indirect method and the neglect of effects of crystal structure and on the other the uncertainty of the measured OH-OH distance. It is, however, sufficient to bring out the essential relation between the strength of the OH-OH bond and the polarizing power of the cation attached to the OH group. The explanation of these changes must be sought inside the hydroxy group itself. To do this adequately it would be necessary to give a quantum mechanical description of its possible states. Here, however, no attempt * Bernal and Fowler, loc. cit., p. 536.
Log is made to do this but instead a picture is given, based on the quantum theory of neon-like atoms, which it is hoped will not prove at variance with the results of more rigorous treatment.
The free (OH)-ion must resemble a neon atom in its electron distribu tion with either all three p eigenfunctions or only tributing to the binding of the hydrogen atom. In any case the electron distribution must possess cylindrical polar symmetry giving a resulting 392 j. D. Bernal and H . D . M egaw 15 1-6 ■ t'8r.A ation between the hydroxyl-hydroxyl distance and the logarithm of t e energy of the cation-hydroxyl bond screened bv Uia hydrogen atom lies inside the p shell partially If an inc • bmdm8 electrons. expected to ms* diver §ent field is applied to such an ion it might, be is small, it retain* ,tbree sta §es-In the first, where the polarization foment. in iav~r r*ca^ symmetry and merely increases its dipo® Perpendicular to th * 1^ Where this occurs the OH bond must either be ayer or rotate about the perpendicular. The layers
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are accordingly held together by residual forces or by weak dipole forces between rotating dipoles. As the polarization increases, the hydrogen atom is pushed further out. At the same time the wave function of the oxygen electrons is subjected by the intenser fields of the cation to increasing perturbation, and the degenerate wave function of cylindrical symmetry becomes under their influence a tetrahedral wave function similar to that occurring in water.* The bonds to the oxygen atom are now definitely directed. (It is not implied that the tetrahedron is absolutely regular: the direction of the bonds may be distorted by surrounding atoms.) For example, in hydrargillite, two of the tetrahedral bonds of an oxygen atom go to the aluminium ions, at a third the hydrogen is found, and the fourth represents a concentration of negative electricity. It is evident that the negative charge on one oxygen will attract the hydrogen belonging to another, forming what we propose to call the hydroxyl bond. There is one bond of this nature formed per hydroxyl ion.
With still larger polarization the energy required to remove the hydrogen ion from the oxygen altogether becomes very small. In these circum stances the hydrogen ion can migrate into a neighbouring oxygen, if there is one present, as shown in the diagram This will only happen if we are dealing with hydroxy oxides of the type XOn(OH)m; that is, only in oxy-acids or oxy-acid salts, e.g., H 2S04, KH 2P 0 4, but not in hydroxy-acids X(OH)n. The initial and final states of this transfer are indistinguishable, so that the position of the H atom on one side or other of the bond is indeterminate, and it may be thought of for many purposes as being a free H+ ion in 2-coordination, equidistant from the two oxygen atoms. This was Pauling's first picture of the hydrogen bond.t The hydrogen bond can be contrasted with the hydroxyl bond by this possibility of interchange, which does not exist in the latter, as such an interchange would in general lead to the forma tion of a water molecule ( j ) (^) (Where hydroxyl bonds form a chain or network it is, of course, possible to change the position of a whole row of hydrogens in one move Such a change would, however, be highly improbable.) It is obvious that the absence of the second hydrogen in the case of the hydrogen bond must lead here to closer linkage. In fact we find that while the shortest hydroxyl bond observed is 2-71 A, the hydrogen bond has never been observed greater than 2-55 A, see Table I .* Considered from the point of view of electrostatic valence, the hydroxyl bond may be thought of roughly as follows. Owing to polarization by the cation, the oxygen atom breaks up into four concentrations of negative charge, each of value in a tetrahedral formation; one of these is occupied by the hydrogen ion, giving a net charge of + £ there.t Each of these charges is potentially a bond. Where the electrostatic valence from the cation is each surrounding cation forms a bond to one of these negative charges; where the electrostatic valence is 1, two of the negative charges are required to bind it to the cation. The remaining unattached negative charges form hydroxyl bonds with the positive charges. If the electrostatic valence is less than the oxygen wave function does not split tetrahedrally, and hydroxyl bonds are not formed.
In Table I , where the hydroxides have been tabulated in order of decreasing OH-OH distance, the hydroxyl groups in all of them down to Cd have cylindrical symmetry (except in Cs, Rb, K, Na, where they are probably spherical, see below). In the remaining four hydroxides, the hydroxyl groups are tetrahedral, and hydroxyl bonds occur. The other compounds in the table are given for comparison. In ice hydroxyl bonds are present. N aH C 03 and K H 2P 0 4 are the only two compounds hitherto completely determined in which hydrogen bonds have been shown to occur. It is plain from this table that the cylindrical OH group is characterized by an OH-OH radius not less than about 1 • 50 A, while in the tetrahedral OH group the OH-OH radius varies from 1-41 to 1 -35 A, and the oxygen taking part in a hydrogen bond has an O-O radius of 1 -27 A. $
P art II-T he C rystal Stru c t u r e of the M etallic H ydroxides
It is now necessary, after the general picture of the hydroxyl bond has been given, to check it by a detailed examination of the crystal structure of the metallic hydroxides. Our knowledge of these is by no means as complete as would be desired, but there are sufficient data available to determine the spatial relation of the hydroxyl groups in all but the alkali hydroxides. For them we are limited for the moment to indirect methods.
CsOH, RbOH, KOH, NaOH-The crystal structure of these sub stances is unfortunately not known, owing to their high chemical reactivity. All of them, however, have a transition temperature between 200° and 300° C, and it seems probable that the high-temperature form is for all of them cubic or pseudo-cubic. There is evidence to suggest that NaOH differs from the other hydroxides; the figures given in Table  III , taken from Mellor,* support this idea. So it is reasonable to assume that of the two structures (3-NaOH has the NaCl structure, and [3-KOH, RbOH, and CsOH have the CsCl structure. This would agree with general coordination rules if we assumed an effective anion radius for OH between 1 *35 and 1 -90 A. On this hypothesis it should be possible to derive the effective radius from the observed density of the [3-hydroxides. Unfortunately the only density values measured are for the a-hydroxides,f but the volume change at the transition temperatures cannot be more than a few per cent. If we use these density values the effective radii of the OH group in NaOH, KOH, respectively, are 1*56, 1*46, assuming an NaCl structure, 1-79, 1-72, assuming a CsCl structure. The radii obtained by assigning an NaCl structure to NaOH and a CsCl structure to the other hydroxides are those given in Table I , but they must wait con firmation by experiment. They refer strictly to the average effective radius of the whole OH group in the a-form, which is probably not cubic, but derived from the corresponding cubic or pseudo-cubic structure by a change in the OH arrangement. In the (3-form the OH group may be come spherical by rotation, or the cubic structure may be formed by an arrangement of the OH dipoles along the four non-intersecting triad axes of the NaCl structure or along the three non-intersecting tetrad axes of the J. D. Bernal and H. D. Megaw
CsCl structure. Considering the temperature, the first hypothesis is far more probable, but in both the OH coordination is practically spherical.
LiOH-This has a tetragonal layer lattice. The OH is surrounded on one side by four Li's, on the other by four OH's, fig. 3 . It must obviously have cylindrical symmetry, with the axis of the OH perpendicular to the layers. Ca(OH)2, Mg(OH)2-These are layer lattices of the cadmium iodide (C6) type, fig. 4 . The OH is surrounded on one side by three cations, on the other it is in contact with three OH's of the next layer. Either cylindrical or tetrahedral symmetry is possible from the geometry; in both cases the H atom lies in a direction perpendicular to the layer, and there is no concentration of negative charge not bound to a cation. The distinction between them is probably meaningless, as no hydroxyl bonds can be formed.
Mn(OH)2, Co(OH)2, Ni(OH)2, Fe(OH)2, Cd(OH)2-These crystals all belong to the same C6 type. The cell dimensions are less accurately known than those of Ca(OH)2 and Mg(OH)2, and the parameter u has been calculated indirectly, as described on p. 390. Nevertheless, the OH-OH distances all lie within the range characteristic of cylindrical OH groups, and there seems no doubt that these are present.
Zn(OH)2-A number of different forms of Zn(OH)2 have been reported. The stable orthorhombic form has been fully investigated by Corey and Wyckoff.* Frickef claims to have obtained powder photo graphs of three different form s: one of these, which was examined by Gottfried and MarkJ, has been since shown § to be identical with Corey and Wyckoff's. The polymorphism is probably due to the large number of different arrangements possible in a 4-coordinated structure. Zn(OH)2 also forms mixed crystals with other hydroxides of the C6 type. The two forms for which there is any information available about the structure are dealt with in more detail below.
(i) The form investigated by Corey and Wyckoff is orthorhombic, and its structure has been fully determined. The cell dimensions are: = 5 • 16 b = 8-53, c = 4*92; space-group V4 -P2X 2± 21? 4 molecules The zinc atoms are surrounded tetrahedrally by four oxygens; each oxygen is surrounded by two zinc atoms and two oxygens from neighbouring tetrahedra, and thus has a tetrahedral environment, fig be 6-coordinated. The data are not very complete; but the OH-OH distance calculated from the cell size is consistent with cylindrical sym metry of the OH group. Feitknecht* points out that the radius ratio, considered by itself, is well within the limits for 6-coordination, and attributes the instability of the structure to the polarizing power of the zinc ion. According to the present theory, this polarizing power makes the cylindrical wave function of the OH group unstable, and hence a structure permitting the formation of hydroxyl bonds is preferred. The occurrence of Zn(OH)2 in a 6-coordinated structure suggests, however, that the polarization of the OH group is close to the critical value.
Be(OH)2-Two forms are recorded by Fricke,f and others may possibly exist. No direct information is available about the structure of any, but if the stable form is isomorphous with orthorhombic Zn(OH)2, which is probable, certain conclusions can be drawn. The Be atom is as usual 4-coordinated. If the Be-O distance is here assumed the same as in BeO the electrostatic energy of the BeOH bond can be calculated, and from it the OH-OH distance predicted as about 2*79 A. | Al(OH)3, Fe(OH)3-There are two forms known of Al(OH)3, hydrargillite (the stable form, which occurs as a mineral) and bayerite. § The structure of the latter is not known. There is no information available about the structure of Fe(OH)3.
Hydrargillite-This has a layer lattice, derived from a C6 lattice by leaving vacant one out of three cation positions, and subsequently dis torting it to monoclinic symmetry, fig. 6 . Each OH group has, on one side, two cations and one " hole " where there is no cation; on the other side, one hydroxyl ion. This arrangement, and the OH-OH distance, indicate hydroxyl bonds and hence a tetrahedral behaviour of the oxygen atoms. * * * § Chem.,' vol. 179, p. 287 (1929) .
Since the individual interatomic distances are known fairly accurately,* it is possible to suggest how the hydrogen atoms are arranged, and hence to account for the distortions of the structure from higher symmetry. The cell contains 24 OH groups in general positions, the space-group J. D . Bernal and H . D . M egaw N >-|<m tsa N * In the table of interatomic distances in the paper on hydrargillite (Megaw, loc. cit.), the figures for the OH-OH distances between layers (column V) were wrongly recorded. There are only three different distances, and their values are 2 • 82, 2 • 80, 2 • 75 A, the mean value being 2 • 79 A, as before. being P2i/«; there are therefore six independent OH groups to be con sidered. The six selected may be those forming an irregular trigonal prism from the top of one layer to the bottom of the next, vertically above a " hole." The dimensions of this prism are given in fig. 7 . The positions in which the hydrogen atoms lie are shown there, the hydroxyl bonds being indicated by thicker lines. This arrangement explains the inter atomic distances. The distances in the plane are greater than those perpendicular to the plane, because the former depend also on the cationanion forces, which bring about a shortening of the shared edges, and therefore a lengthening of the unshared edges, of the octahedra round the aluminiums, so that the hydroxyl bond can only produce a second-order effect on these distances; whereas between the planes it is the strongest force present, and thus determines the interatomic distances. Neverthe less the shortening effect of the hydroxyl bond on the distances in the plane is quite evident. It is possible on similar lines to make some attempt to account for the monoclinic symmetry. The three sides of the prism in fig. 7 are not all vertical, as can be seen from the lengths of the horizontal edges. While that marked 2-6 is vertical, 3-4 is inclined about 4° towards it and 5-1 about 8° towards it. If we assume that the hydroxyl bond, when un distorted, makes an angle of 8° with the vertical, then the repulsion exerted by the hydrogen of atom 2 on the hydrogen of atom 3 will make the 3-4 bond more nearly vertical. The 2-6 bond suffers double the distortion, owing to the repulsion of the hydrogens of 1 and 4, while the 5-1 bond is unaffected. Though the argument is rough, it seems reason able to explain the distortion of the structure from the " ideal " symmetry on some such lines. This is the only monoclinic hydroxide of which the structure has been completely determined, and therefore it is not possible to check the validity of this argument by its application to other sub stances.
AIO(OH), FeO(OH)-These compounds are isodimorphous, both forms being orthorhombic. The structure of the a-forms, diaspore and goethite, has been determined, and shown to be the same for both. The structure of y-FeO.OH, lepidocrocite, has recently been found, and the evidence of powder photographs indicates that the A1 compound, bohmite,* has the same structure.
Diaspore, Goethite-The structure of diaspore has been determined by Deflandref, of goethite by Goldsztaub.J The space-group is Vft16-Pbnm, with 4 molecules per cell; the cell sizes and atomic parameters are given in Table IV. T Oi, On, are two geometrically distinct oxygens, represented in fig. 8 by single and double circles respectively, of which one must be identified with the O, the other with the OH group. The structure consists of linked octahedra. The units may be thought of as infinite strips of brucite (C6) structure parallel to the c axis; the strips are two octahedra wide in the b direction and one octahedron thick in the a direction. These are linked by their corners to similar strips to which they are related by the 001 Z?-glide plane. The Ch atoms are surrounded by three A1 atoms on one side, while the On atoms lie almost in the same plane as their three surrounding Al's. The Oi's are therefore likely to be the hydroxyls. Their neighbours on the other side are two hydroxyls and one oxygen from the next layer. To determine the character of the * Bdhm, ' Z. anorg. Chem., ' vol. 149, p. 205 (1925) ; de Lapparent, ' Bull. Soc. fran?. Miner., ' vol. 53, p. 255 (1930 403
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OH group, the interatomic distances must be considered. Unfortunately no attempt has been made to obtain the O parameters with any accuracy. In diaspore, for example, the distance B^Dj, an edge shared between two octahedra, is, as the parameters stand, equal to B^D., the distance between two hydroxyls belonging to different octahedra, the value of both lengths being 2-79. (Here the subscript refers to the ^-parameter, or height above the plane of the paper, of the atom in question, Di? D>, for example, being identical atoms in adjacent cells.) This is not a probable arrangement. If we change the a-parameter so as to make = 2-50, which is the length of the shared octahedron edge in hydrargillite, then B.D, becomes 3-08 A, the value of the parameter being 0-71 instead of 0-75.* The distance A±Q is equal to AfCj, and its value is 2-79, independent of any change in the a-parameter; this is in accordance with expectation for the length of an unshared octahedron edge. The only place in the structure where a hydrogen or hydroxyl bond may exist is therefore between A4 and Bj. There are three possi bilities. (i) There is a hydrogen bond at this place. This is unlikely, since diaspore is not characterized by any acidic properties, (ii) There is a hydroxyl bond at this place. This would differ from any hitherto con sidered, since it would link a hydroxyl to an oxygen; further, the tetra hedral arrangement of the oxygen bonds would be lost, (iii) The OH group has cylindrical symmetry, and no bond is present. The final * For recent work on diaspore and figure showing projection on (001), see Appendix.
c decision between these three possibilities must rest on the value of the distance A , B?. With the parameters given by Deflandre it is 2 • 61 A, but a small change in thea-parameter of A would alter this. * The third possibility seems the most likely. In that case the packing would be exactly as in brucite, except that one of the neighbours of the hydroxyl would be an oxygen. Similar arguments apply to the isomorphous goethite.*
Lepidocrocite-The structure of this sub stance has recently been determined by Goldsztaub.t It is a layer lattice, each layer con taining 4 planes of atoms parallel to (010); the two inner planes contain Fe and O atoms, while the two outer planes contain only OH groups. Each oxygen is surrounded by 4 cations; each hydroxyl only by 2, lying in the same (100) plane with it. The space group is A There are two of these composite layers per cell which are related as shown in fig. 9 . The top hydroxyls of the bottom layer and the bottom hydroxyls of the top layer are not close packed, but lie in the same (001) plane. This arrangement at once suggests the exist ence of hydroxyl bonds, linking up the OH groups in chains parallel to the axis. The tetrahedral behaviour of the oxygen atom is apparent; the two hydroxyl bonds in which it takes part lie in a plane at right angles to that containing its two neighbouring cations, showing hydroxyl bonds. The OH-OH radius, calculated from Gold-Atoms whose height is not sztaub's parameters, is 1*35 A (the probable marked are in the plane err0r in this being about ± 0 -0 3 A), which z " 0 confirms the presence of the hydroxyl bonds. It is interesting to compare lepidocrocite with the closely related compound FeOCl. This is built up of layers identical with those of lepidocrocite, except that the OH groups are replaced by Cl. But the packing of the layers is completely different: the Cl groups from two adjacent layers are close packed, so that there is only one layer in the unit (cell space group P n ° Fe The Cl-Cl radius is 1-97 A, compared with the ordinary Cl-cation radius of 1 -81 A. The difference between the two structures is obviously to be attributed entirely to the hydroxyl bond. It is interesting to notice that lepidocrocite is definitely more acidic than goethite, as is shown by the fact that the former is always obtained from hydrolysis of the ferrites.* This is an example of the fact that the hydroxyl bond is associated with acidic properties. fig. 10 . The O-O distance of neighbouring B 0 3 groups is 2-71 A; as this is too short a distance for unconnected O ions, Zachariasen assumes a hydrogen bond, and places the hydrogen midway between two oxygens. Each oxygen is then connected to two others through hydrogen bonds. This arrange-ment is quite different from the hydrogen bond that has been shown to occur in NaHCOs* and K H 2P 0 4,f where an oxygen is only bound to one other oxygen through a hydrogen; moreover the O-O distance in these compounds is only 2*55 A. It is quite plain that in B(OH)3 a hydroxyl bond is formed; from the structure, the oxygen must be bound to two others, which is effected by a hydroxyl bond, and the O-O distance fits in well with the values derived from other hydroxides. The hydrogens no longer lie midway between the oxygens as in Zachariasen's structure, but belong each to one oxygen; the only difference this implies in his picture is that the hydrogens are displaced along the lines joining the oxygens in such a way as to give each oxygen one hydrogen. This is the arrangement of hydrogens shown in fig. 10 . It implies that the two hydroxyl bonds lie in the same plane as the B-O bond; but since the electrostatic valence of the latter is 1, it may be considered as the resultant of the two bonds from the tetrahedral oxygen which lie in a plane at right angles to the B 0 3 group. This conception is not necessary, but relates the arrangement in B(OH)3 to those hitherto considered. Probably it applies also to other cases, such as Te(OH)6, where the electrostatic valence is 1. Te(OH)6-Two forms occur, cubic and monoclinic. (i) In the cubic form, investigated by Kirkpatrick and Pauling, $ th length of side of the unit cell is 15-5 A, the space-group Oh8-Fd3c, and there are 32 molecules per cell. The Te(OH)6 groups are all independent, and lie on a face-centred lattice with a cube side of half the true lattice, with the Te's at the cube corners and face centres. More recently, Gossner and Kraus, § using a cell of half the linear dimensions, which can only represent a first approximation to the truth, have attempted to place the oxygens; these they put about a quarter way along the cube edges of their (pseudo) cell. The Te-O coordination is thus octahedral. The mid points of the cube edges, where there is no cation, are also surrounded by octahedra, made up of 6 oxygens each belonging to a different Te. Gossner and Kraus assume the OH-OH distance in assigning the value \ to the oxygen parameter u ; but the fact that the Te radius calculated from this, 0 • 58 A, agrees with Pauling's value of 0 • 56 A is evidence that the parameter is not far from correct. The OH-OH distance can therefore be taken to indicate that the Te(OH)6 octahedra are linked to each other by hydroxyl bonds.
The arrangement of the hydroxyl bonds may next be considered. Each oxygen has only one hydrogen with which to form a bond towards another atom, and it seems also reasonable to assume that each oxygen can have a bond formed towards it by the hydrogen of one other oxygen only. This rule was not followed with hydrargillite, but there the exceptions occurred in the places where the OH-OH distance was determined primarily by the cation-OH forces. In Te(OH)6 there are no such complications. Thus the problem becomes a purely geometrical one: to find an arrangement in which two and only two bonds of opposite sign life is significant, suggesting that the oxygen packing is the sam e in both. The Te's must be at the symmetry centres. A single layer of octahedra is then as shown by the full line in fig. 12 . The identity of the height of the cell with that of hydrargillite then suggests that the bottom oxygens of the second layer come vertically above the top oxygens of the first layer. But since the [3-angle is 104J°, it is possible to achieve this by making the second layer identical with the first; the projection of the two layers on the c plane is then shown in fig. 12 . This arrangem ent has more symmetry than that actually observed. The two layers cannot be strictly identical, or the cell would be halved; but their close similarity is show n by the occurrence, among the planes recorded by Gossner and Kraus, o f only one for which c is odd. In the same way, while the structure is n o t strictly face-centred on 001, the absence of 0 planes for + odd suggests that the projection on the plane perpendicular to the c-axis is very nearly face-centred. The space-group requires either an a-glide or an w-glide; the suggested structure, neglecting distortions, has both. Actually the true symmetry probably consists o f an «-glide plane at y = h and a screw axis at x = \ , z = \.This gives symmetry centres at the positi The other symmetry elements of the ideal structure probably persist as pseudo-symmetry elements in the true structure, as occurs in hydrargillite.
In contrast with the first form, which crystallizes in the octahedra characteristic of a face-centred cubic lattice, the habit of the monoclinic crystal closely imitates an elongated rhombic dodecahedron, a form which is characteristic of a body-centred cubic lattice. It is possible in the structure described above to choose a body-centred cell which is actually triclinic but markedly pseudo-cubic. The edges of this cell are formed by joining the point (0, 0, 0) to the points (1,0, 0), (£, £), and (-i, i, -£) of the monoclinic cell; its dimensions then are: 5-70, 6 = c -6-85, a = 93°, [3 = 104°, y = 76°. The body-centred characte may be seen in another way. For a body-centred cubic lattice the ratio a: 6 of the sides of the monoclinic cell would be 1: V 2 ; for close packing (ideal arrangement of oxygens) it would be 1: y/3. Actually it is 1: VTA, indicating a departure from close packing in the direction characteristic of a body-centred structure.
The position of the hydrogen atoms must next be considered. It is obvious from the composition that only hydroxyl bonds can be formed, since hydrogen bonds involve an O : H ratio of 2: 1. To find the arrange ment of these bonds, we must distinguish between two geometrically different sets of oxygen atoms: those like A and C, fig. 13 , lying midway between the symmetry planes, and those like B, D, in general positions. The possible bonds lie in and perpendicular to the plane (001). Since there is a centre of symmetry at the mid-point of AE, the hydrogen of one OH cannot lie on it, therefore there is no bond. But the resemblance of the oxygen packing to that in hydrargillite requires the existence of vertical bonds; therefore these must occur at BF and DH. For the other bonds, each atom has as neighbours in its own plane four equi distant OH's from other octahedra and two from its own. Making the same assumptions as in the cubic form, there are four ways consistent with the symmetry in which the bonds can be arranged. In one of these, all the bonds are parallel to the 6-axis, and connect the two rows of octahedra at y = 0 and y = \ ; in two oth this direction. In the fourth method, none of the bonds connect the octahedra at y = 0 with those at y Since there is a distinct 6-cleavage, this last method is much the most probable. The arrange ment is shown in fig. 13 . The bonds form closed circuits BFGIJC', ADHE'K'L'; but the direction of the bonds may be clockwise or anti clockwise in either circuit, since the two are not related by the symmetry We may then expect that the distances AD, FG, etc., will be much shorter than BD, FH, etc. This can be effected by contracting the octahedra along the Z>-axis, and extending them along the a-axis. Since the area of the cell is appreciably greater than that of a close-packed structure, there is room for this to happen. This distortion of the octahedron will be accompanied by a decrease in the vertical separation between B and F, as they move further from the plane of the telluriums, and a corresponding increase in the vertical separation between C and G ; so that the occurrence of a bond at BF but not at CG is explained. It is interesting to notice that this distortion would bring four of the oxygen atoms round a tellurium atom into much closer contact with the tellurium than the other two, which suggests a tendency for the tellurium to go into 4-coordination. It is not profitable to develop the above suggestions in any further detail until the proposed structure has been confirmed experimentally. An experimental determination of the exact distances between the oxygens would be of very great interest. It seems worth while including this rather elaborate prediction to show how the conception of the hydroxyl bond can be used to derive possible crystal structures. Such predictions, whether they require subsequent modification or not, are a very necessary stage in the analysis of crystals.
G eneral C o nclusions
It should be clear so far from the account of the hydroxide structures that the hypothesis of the hydroxide bond is not only compatible with all the information obtained without any knowledge of it, particularly with the detailed analysis of hydrargillite, but that it can be used to predict the structure of hydroxides.
We may now turn back from this detailed examination of individual structures to consider the series of metallic hydroxides as a whole. We may divide them into those possessing and those not possessing a hydroxyl bond. In the former division the shortening of the OH-OH bonds by increasing cation polarizing power may be explained by the increased effectiveness of the hydrogen atoms, brought about by their greater distance from the centre of the group and the smaller electronic screening. In the latter division the same effect occurs, as may be seen by a comparison of Li(OH) and Ca(OH)2. No exact explanation can be given of this, but it may be inferred on general grounds that, since the transition of the oxygen to the tetrahedral state, which is the result of large polarization, is accompanied by a considerable shortening of the OH-OH distance, a smaller degree of polarization will lead to a change of interatomic distance in the same direction.
It is indeed more likely that we are dealing here not with an abrupt but with a continuous change in the character of the hydroxyl group throughout the series. The alkali hydroxides have no hydroxyl bonds; aluminium hydroxide has them, but the exact point of transition may be impossible to determine. It is here that the nature of the hydroxyl group offers such an interesting problem in quantum mechanics. It should be possible to describe the changes in symmetry of the electron orbitals in different fields by some form of perturbation theory.
The nature of the hydroxyl bond is most easily seen from its behaviour in metallic hydroxides; its actual importance is, however, much wider. From what has been said it can be seen that the hydroxyl bond will appear wherever there is neutral or amphoteric hydroxyl, that is, in-water and all alcohols. The strength of the hydroxyl bond will, however, vary very much according to the degree of polarity attaching the oxygen atom to the carbon, or other atom, being stronger the more polar this link and consequently the more acid the character of the compound. Alcohols show a tendency to form double molecules only less strongly than do acids. This association has usually been thought of as a dipole effect, but it has been shown* that the resulting double molecule has an electric moment, so that the actual arrangement is far more probably one with a hydroxyl bond, i.e.,
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Polyhydric alcohols such as the sugars and cellulose must have their molecules held together almost entirely by hydroxyl bonds.
The presence of hydroxyl bonds goes far to explain the occurrence and properties of colloid sols and gels in ionizing solvents. If under certain conditions, principally of temperature and p H, neutral hydroxyl occurs, and if at the same time there occurs on each molecule a sterically suitable number of such groups, preferably three to five, there will be the tendency to form threads, sheets, or complex three-dimensional aggregates. This is because the hydroxyl bonds, easily formed but equally easily broken in water solution, can become dehydrated into oxygen links by a mechanism J. D . Bernal and H. D . Megaw involving essentially a hydrogen migration like that which takes place with the hydrogen bond.
If the process stops at a certain point, by the formation of rings or otherwise, a sol is thus formed, otherwise a gel. As in glasses, a coordina tion number of four or nearly four gives irregular arrangements of very nearly the same energy as regular ones. Amorphous grouping will then be favoured initially, the crystalline arrangement being taken up only after an ageing process.
These are only a few indications of how the idea of the hydroxyl bond can be applied in chemical or physico-chemical problems. In every new case a special analysis with experimental evidence would be needed to establish its precise function, but those already cited are enough to show that the hypothesis forms a good basis for pointing the way to the solution of many hitherto obscure problems.
Sum m ar y
It is shown from a consideration of the known crystal structures of the metallic hydroxides that the force between hydroxyl groups is a function of the charge and size of the cation with which they are linked. When the ion is small and highly charged this force acquires the character of a secondary valency only less powerful than the hydrogen bond of acids. This bond, of length about 2 -7-2 -8 A, is called the hydroxyl bond, and an attempt is made to explain its occurrence in terms of changes in the internal electronic structure of the hydroxyl group. As in ice, the polarized hydroxyl group is assumed to have a tetrahedral structure with a negative region which serves to bind the positive H atom of a neighbour ing hydroxyl. The hypothesis of the hydrogen bond is used to interpret the structures of complex hydroxides and in one case, Te(OH)6, to predict the structure. Finally, possible applications of the idea to organic and colloid chemistry are suggested.
A p p e n d ix
In view of the number of compounds in which the hydrogen bond has recently been claimed, and the implied extension of the term to cover Function o f Hydrogen in Intermolecular Forces 415 effects of very different character, it seemed worth while to restate briefly the distinctions made in the text. A hydrogen bond is a link in which the hydrogen atom resonates between two oxygen groups, and no definite OH group can be said to exist. A hydroxyl bond occurs when the wave function of the OH group in the field of the surrounding atoms gives a tetrahedral distribution of charge; the typical hydroxyl bonds are formed by electrostatic attraction between negative and positive parts of different hydroxyl groups or water molecules, but the term includes also links from the positive parts of such groups to neighbouring oxygens. In the hydrogen bond, the probability of finding the hydrogen atom attached to each of its two neighbouring oxygens is ^; in the hydroxyl bond, it is 1 for one neighbour and 0 for the other. These are two extremes, and the occurrence of a continuous series of bonds intermediate between them is readily understood from this point of view. Where the hydroxyl group has degenerate cylindrical symmetry, no bonds are form ed; but it seems probable that the transition from this to the hydroxyl bond is also con tinuous.
We give below a list classifying the compounds in which the hydrogen bond has been adduced, together with certain hydrates where the hydroxyl bond has been assumed in fact though not in name. (Where no reference is given, it will be found in Table I of the text, where half the bond length is also quoted.)
(i) Water Type
Ice-Hydroxyl bonds. The structure, and arrangement of the hydro gens, is discussed fully by Bernal and Fowler (loc. cit.) , superseding Barnes's hydrogen arrangement.
CH3OH and other Alcohols-Hydroxyl bonds. Though Zachariasen* refers to the links as hydrogen bonds, the points he emphasizes belong essentially to what is here distinguished as the hydroxyl bond.
A lum ,f C uS04 . 5HaO,J Natrolite, and other §-Hydroxyl bonds, linking H aO molecules to each other and to the O's of S 0 4 or S i0 4 tetrahedra. The linkage is fully discussed by the authors of each paper in terms of the water model of Bernal and Fowler, and the strength of the binding in the two latter cases emphasized. The lengths of the bonds are all of the order of 2 • 8 A.
Li2S 0 4 . H 20 * -Either hydroxyl bonds or simple dipole attraction. In this structure one water molecule belongs to a tetrahedron round a lithium atom; its other neighbours are two oxygens from S 0 4 tetrahedra at 2-96 A, and two other waters at 3-00 A. From the H 20 -O distance, Ziegler concludes that there is a hydrogen bond here. But this distance is much greater than for any known hydrogen bond, and is in fact nearly equal to the H aO-H aO distance, which Ziegler does not explain. There are six of these " short " distances in the cell, and only four hydrogens available to form the bonds. If we assume hydroxyl bonds, there are three different ways of arranging them giving roughly the tetrahedral angle. There may be energy differences according to which 
Full and dotted lines show octahedra at different heights in cell; figures give parameters of atoms in c-direction
arrangement we choose, but these differences are small, and it seems possible that the molecule rotates about its bond to the lithium, forming no other bonds. If bonds are formed, the large distances show that they are certainly weak.
(ii) Semi-Acid Type Diasporet -Probably hydroxyl bonds. Ewing has recently redeter mined the parameters, and his results confirm the suggestion made on p. 403. Fig. 14 is found there, but there are two facts against it. (a) Or and On have completely different environments, as pointed out in the text, and therefore would be differently related to a hydrogen atom situated midway between them. ( b) The infra-red spectrum shows a band at 3 [a, indicating the presence of a hydroxyl group,* which would have lost its individuality in a hydrogen bond. Whether hydroxyl bonds occur is a more difficult question. The polarization of the OH group is not necessarily as great as in hydrargillite, for the field is here less divergent; and the interatomic distance is the same on either assumption, as the position of the hydrogen atom, and therefore the O-H attraction remains practically unaltered. On the whole it seems more probable that the degenerate cylindrical symmetry has been lost; but since the field is less divergent than in bohmite (lepidocrocite structure), the polarization of the OH is smaller and therefore the hydroxyl bond weaker.
Goethite-A similar argument holds. Here again the existence of OH groups has been shown by infra-red spectra.f Oxalic Acid Dihydrate% -Hydroxyl bonds, and bonds intermediate between hydrogen and hydroxyl bonds.
The structure has recently been determined by Zachariasen, and is shown in fig. 15 . Here single and double circles indicate crystallographically distinct atoms, which Zachariasen calls Ox and On respec tively. The large circles are the water molecules. The shortest distances between O atoms are indicated in the figure. No oxalic acid molecules approach each other closely enough to form hydrogen bonds between them. On the other hand, the water molecules lie between the acid molecules and so close to them that Zachariasen concludes that the structure represents an oxonium oxalate (H30 ) 2(C 0 0 )2, and that it is linked by hydrogen bonds in the positions shown by dotted lines in fig.  15 . But the interatomic distances are rather too large for hydrogen bonds, and suggest hydroxyl bonds. If the water molecule retains its identity (instead of losing its protons to the hydrogen bonds, as Zacharia sen thinks) there are two ways in which the hydrogen atoms can be placed, according to whether Ox or On is the hydroxyl group; these are shown in fig. 16 (A) and (B). (The third geometrically possible arrangement with On again as hydroxyl, is physically improbable, as it brings the hydrogen too near the second carbon atom of its own molecule.) Since 74°. But however these details may be, one thing seems clear; that these bonds, intermediate between the hydrogen and hydroxyl bonds, point to the existence of a continuous series between the two extreme types.
(iii) Acid Type K H 2P 0 4, N a H C 0 3-Hydrogen bonds, length 2-54 and 2-55 A respectively.
Formic
A c i d *-Hydrogen bonds. Pauling gives the O-O distance as 2-67 ± 0-04 A, based on electron diffraction data; this would be inter-* Pauling and Brockway, * Proc. Nat. Acad. Sci. Wash.,' vol. 20, p. 336 (1934) . mediate in length between the hydrogen bond of a strong acid and the hydroxyl bond distance of water (cf. the distance in oxalic acid).
Other Acids-Hydrogen bonds probably exist, but there are no experi mental measurements of interatomic distances. Certain other lines of evidence are available. (1) H 2S 0 4 does not show the infra-red absorption band at 3fx, characteristic of the OH group.* (2) Quite independent proof comes from the Raman spectra of acetic acid CH3COOH and acetic deuteracid CH3COOD, which are identical, and differ markedly from that of trideuteracetic deuteracid CDgCOOD.f There is therefore no frequency found in any of these three acids which corresponds to an OH or OD vibration, so that hydrogen bonds must be present.
(iv) Intramolecular Type
There is spectroscopic evidenced for the existence of intramolecular hydrogen bonds in certain organic compounds, for example salicylaldehyde and o-nitrophenol. The OH band is found not to be present in these compounds. Here 5-membered rings can be formed, the longest link of which is a hydrogen bond, and the length of this link is of the right order of magnitude for a bond, about 2 • 5 A. In the corresponding p and m compounds, where no such ring can be formed, the OH band appears.
